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ABSTRACT

Because of the COVID-19, the world has been affected significantly. Not only health and medical problems but also the decline in life quality
and economic activity due to the suspension of social activities cannot be disregarded. It is assumed that the virus is transmitted through
coughing and sneezing; however, the possibility of airborne infection by aerosols containing viruses scattered in the air has become a pop-
ular topic recently. In airborne infections, the risk of infection increases when the mucous membrane is exposed to exhaled aerosols for a
significant amount of time. Therefore, in this study, we visualize human breath using the smoke of electronic cigarettes as tracer particles.
Exhalation when speaking was visualized for four human posture patterns. The result shows that the exhaled breath is affected by the body
wall temperature; it rises when it remains in the boundary layer by wearing a mask. On the other hand, without a mask, it initially flows
downward due to the structure of the nose and mouth, so it flows downward due to inertia and diffuses randomly. This finding is effective in

reducing the risk of infection during face-to-face customer service.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038380

I. INTRODUCTION

Because of the COVID-19, many people are refraining from
going out unnecessarily. To control the infection of the virus, contact
with people must be controlled; however, this will result in signif-
icant economic downturn and life quality deterioration. A person
has a higher risk of being infected when exposed to coughing or
sneezing. However, it has been elucidated that the effects of airborne
and aerosol infections due to breathing and speech cannot be dis-
regarded.'”” The higher the frequency of exposure to the eye, nose,
and oral mucosa to aerosols containing pathogens, the higher is the
risk of infection.!”'! In particular, because utterances are accompa-
nied during customer service, long-term care, and medical practice,
droplets larger than those generated during normal breathing may
be scattered in the air, and the virus may become an aerosol and
float in the air for a long time. Future investigations are required
to elucidate the detailed infection mechanism from virological and

medical perspectives. However, in reality, the risk of infection must
be reduced before any activity is to be conducted. In particular,
cosmetology, medical care, and long-term care are inevitable in
human life; hence, it is difficult to refrain from activities associated
with these areas or to use separators because contact is necessi-
tated. An understanding of the spread of human breath spatially
may result in a lower probability of aerosol exposure when pro-
viding customer and medical services, thereby reducing the risk of
infection.

Bourouiba et al. and other researchers performed experimen-
tal visualizations, followed by hydrodynamic considerations.'>!*!*
Because sneezing and coughing occur when the heightened pres-
sure in the oral cavity is released, respiratory droplets are ejected
over a wide area at high speed.’® Therefore, one should maintain
a safe distance from a person who is sneezing or coughing. How-
ever, persons infected with the COVID-19 may be asymptomatic;
hence, it is important to recognize the risk of having conversational
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contact with seemingly healthy humans. In a previous study, airflow
visualization measurement experiments were conducted to under-
stand infection control more effectively;'*>’ however, most of them
focused on sneezing and coughing. To verify the effects of wearing
the mask, Verma visualized smoke diffusion by simulating exhala-
tion based on a smoke generator and generated an airflow simulating
cough from a mannequin wearing a mask and face shields.”"** In the
conventional experimental breath visualization, water vapor, smoke,
etc., are used as tracer particles to simulate breath aerosols that dif-
fuse through a mannequin; however, because breath is assumed to be
affected by the human body temperature, the actual breath aerosol
movement might differ by mannequin experiments. Melikov et al.
used the thermal mannequins to investigate the diffusion of exhaled
breath, considering the effects of body temperature.”” Experiments
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with mannequins ensure quantitativeness and reproducibility, and
since toxic tracer particles can also be used, the gas concentration
distribution in the space due to respiration has been obtained. On
the other hand, to completely match the thermal characteristics of
the mannequin with the human body, the system cost is high, and it
is difficult to make the mannequin pose or speak arbitrarily. Many
numerical and theoretical studies have been conducted to inves-
tigate the spread of exhaled breath, cough, and sneeze, where the
temperature and humidity of the human body were considered,** %’
and actual exhaled breath diffusions were rarely measured based
on experiments from the standpoint of infectious disease preven-
tion. Exhalation has not been focused on, and scenes that assume
face-to-face customer service have not been visualized and there are
not many findings regarding the aerosol exposure in minimizing the
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FIG. 1. Front images of exhaled breath of a standing person: (a) without a mask and (b) with a mask. Multimedia views: https://doi.org/10.1063/5.0038380.1; https://doi.org/

10.1063/5.0038380.2
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disease transmission.”*”?’ Therefore, in this study, we assumed cus-
tomer service in a beauty salon or long-term care to experimentally
visualize the flow and diffusion of the actual exhaled breath of a per-
son who is speaking. The exhaled breath released from the human
body was experimentally visualized, and the results were considered
from the viewpoint of thermal fluid.

Il. EXPERIMENT

Splashes of saliva containing virus are ~1 ym-1000 ym, and
the size of viruses such as the COVID-19 contained in them is
~0.1 ym.*’~% Respiratory droplets measuring ~1000 ym are primar-
ily generated through coughing and sneezing, and general exhaled
aerosols are ~5 um or less. Therefore, in this experiment, elec-
tronic cigarettes were used as tracer particles. It has been reported
that the liquid used in electronic cigarettes is primarily composed
of glycerin and propylene glycol, and when heated, it becomes an
aerosol with a particle size of 0.1 yum-1 ym.**** Therefore, if an elec-
tronic cigarette is used as a tracer particle, then the diffusion and
advection behavior of the virus released by respiration from the
human body can be experimentally simulated. VAPORESSO Veco
One Plus (Tradeworks) electronic cigarettes were used. The elec-
tronic cigarette liquid (BI-SO) comprising 45% propylene glycol,
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55% glycerin, and 5% fragrance was atomized by the electric
cigarette, and the smokes were used as tracers. The experimental sys-
tem comprised a pair of humans, laser (G3000, Kato Koken), and
CMOS camera (FLIR GS3-U3-32S4). A laser sheet (532 nm) was
incident on an arbitrary cross section, and light scattered from the
aerosol of the electronic cigarette was captured by using a camera.
Assuming that customer service was accompanied by actual utter-
ances, the word “onegaishimasu” (Japanese greetings) was repeat-
edly spoken during the measurement. The exposure time of the
camera was 20 ms, and the frame rate was 5 fps. The experiment
was conducted at a beauty salon at Yamano College of Aesthetics in
Hachioji, Tokyo, on September 30, 2020, at time 16:00-18:00 (tem-
perature 23.0 °C-21.2 °C and humidity 57%-65%). After ventilating
the room, the windows and doors were closed, no air-conditioning
was turned on, and the experiment was conducted in a windless
state. We analyzed the characteristics of the exhalation diffusion
with and without a mask when a person was standing, sitting, facing
down, or lying face-up. The mask was made of non-woven fabric.
Because the airflow was turbulent, reproducibility was confirmed by
capturing pictures three or more times in each case. The pose was
captured by simulating customer service at the beauty salon. A sig-
nificant amount of similar face-to-face contact would occur not only
in cosmetology but also in long-term and medical care.

3s

FIG. 2. Side images of exhaled breath of a standing person: (a) without a mask and (b) with a mask. Multimedia views: hitps://doi.org/10.1063/5.0038380.3;

https://doi.org/10.1063/5.0038380.4
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I1l. RESULTS AND DISCUSSIONS

First, the exhaled breath with utterance of a standing person is
discussed. Hereafter, the “exhaled breaths” of all the experimental
results of this study were accompanied with utterance. The image at
the top of Fig. 1 shows the positional relationship of persons assum-
ing that a beautician performs treatments such as haircuts from the
side of the customer. Figures 1(a) and 1(b) show the visualization
results of the service operator’s exhaled breath with and without a
mask, respectively, while maintaining this positional relationship.
The laser sheet was incident parallel to the position 10 cm in front of
the service operator’s body. As shown in Fig. 1(a), the exhaled breath
was successfully visualized by scattering the laser beam from the
aerosols produced by the electronic cigarette. The exhaled aerosols
diffused downward in a jet shape and then horizontally. In cosme-
tology and long-term care, the customer is often positioned lower
than the service operator; therefore, it is noteworthy that the exhaled
breath moves downward. This downward flow occurred because the
breath released downward initially due to the structure of the nose
and mouth, and subsequently flowed due to inertia. Meanwhile, as
shown in Fig. 1(b), the exhaled breath barely flowed in front of the
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service operator, i.e., the laser sheet position. This is because the
aerosols flowed along the gap between the face surface and the mask.
Because the exhaled breath flowing downward in the front can be
suppressed significantly, the service operator can reduce the risk of
infection to the customer by wearing a mask. Due to the visibility
of the exhaled breath, the customer was removed from the seat in
the image of Fig. 1(a). However, even if there was a customer, it
was confirmed that the exhaled jet goes to the customer as shown
in this result. The results of side observations of the case where the
customer was in front of the service operator were explained in the
following experimental results.

Next, by observing the exhaled breath of the standing service
operator from the side, the three-dimensional spread of exhaled
breath is discussed. The image at the top of Fig. 2 shows the posi-
tional relationship assuming that the beautician performs shampoo
treatments from behind the customer. This is a general positional
relationship in shampoo treatments performed in beauty and long-
term care. The customer sat and rested her head on the shampoo
stand. The laser sheet was positioned vertically through the center
of the face of the service operator and the customer. As shown in
Fig. 2(a), the practitioner’s exhaled breath moved downward, similar
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FIG. 3. Side image of exhalation of a sitting person: (a) without mask and (b) with mask. Multimedia views: https://doi.org/10.1063/5.0038380.5; https://doi.org/10.1063/

5.0038380.6
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to the observation at the front. Subsequently, the aerosols stagnated
in the space between the customer and the shampoo stand. Mean-
while, when a mask was worn, as shown in Fig. 2(b), exhalation jet
did not occur in front of the service operator. A slight leakage of
aerosol from the mask was observed; however, it did not spread for-
ward or downward. It is noteworthy that although exhaled air was
observed above the mask, almost no exhaled air was observed from
the vicinity of the chin. This is because the fit is much tighter at the
chin compared to large gaps that exist between the nose bridge and
the mask. Therefore, all of the leakage occurs through the top of the
mask.

Next, the exhalation of the seated person is discussed. Figure 3
shows the visualization results of the positional relationship when
the beautician cuts the hair from the side or front of the cus-
tomer. The height difference between the two persons was 30 cm.
Figure 3(a) shows the visualization result of the exhaled breath of
a sitting customer not wearing a mask. Initially, the customer’s
exhaled breath moved downward, similar to the exhalation when
standing. Subsequently, the exhaled breath remained in front of
the human body for a significant amount of time and gradually
increased from 3 s to 5. This is because the aerosols that reattached
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near the surface of the human body tended to warm up and then
rise. Hence, in front of a sitting person than a standing person, the
exhaled breath rises gradually, which may increase the risk of air-
borne infection in the vicinity. Figure 3(b) shows the results when
the sitting customer wore a mask. Because it was difficult to dis-
tinguish between light scattered from the mask of the practitioner
behind the customer and the exhaled breath, the result of chang-
ing the position of the service operator is presented instead. The
mask completely suppressed the forward expiratory jet, whereas the
exhaled breath leaked from the upper part of the mask. This exhaled
air flowed along the head, rose, and then released from the crown
of the head. This occurred because the temperature near the human
body was higher than the air temperature, causing a flow that rose
along the surface of the human body. Therefore, the area near the
crown of the head was a region with a high risk of infection. In addi-
tion, in a ventilation environment where multiple ventilation fans
were placed on the ceiling of the room, thereby causing constant
updrafts, it was assumed that the exhaled aerosols can be effectively
released to the outside without contacting others.

Figure 4 shows the visualization result of exhaled breath when
the treatment was performed facing down. The shortest distance

FIG. 4. Side image of exhalation of a sitting person: (a) without a mask and (b) with mask; (c) with a mask and face shield. Multimedia views: hitps://doi.org/10.1063/
5.0038380.7; https://doi.org/10.1063/5.0038380.8; https://doi.org/10.1063/5.0038380.9
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between the service operator and the customer was 17 cm. The
positional relationship between the two persons was assumed as
that when shampooing was performed from the customer’s side
in a beauty salon. The customer was lying on a flat-type sham-
poo stand. The laser sheet passed through the practitioner’s mouth
and was projected perpendicular to the face. shows
the breath of the practitioner not wearing a mask. For infection
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control, the customer was not seated at the seat when these data
were obtained. As the before results, the exhaled breath flowed
in the direction of gravity when the mask was not worn. Subse-
quently, it remained in the shampoo stand and then diffused into
the space. shows the exhalation of a service operator
wearing a mask. Unlike the standing and sitting positions, the exha-
lation leaked from the mask and fell in the direction of gravity. When

FIG. 5. Images of exhalation of a lying and facing-up person: (a) without a mask; (b) with a mask; (c) with a mask and face shield; and (d) with a

mask and facing diagonally upward. Multimedia views:

’ ’ ’
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facing down, the aerosols leaking from the mask left the tempera-
ture boundary layer of the human body and moved downward due
to the structure of the nose and mouth. The temperature bound-
ary layer generated in a substance whose temperature is higher than
that of the surrounding atmosphere is considered to be thin at the
lower part of the object, whereas the exhaled air leaking from the
lower part is considered to be easily separated from the human body.
Subsequently, the exhaled air diffused into the space in a compli-
cated manner while interfering with the customer. The diffusion of
exhaled breath would be more complicated during an actual sham-
pooing service involving a hot shower. Figure 4(c) shows the breath
of a service operator wearing a face shield in addition to a mask.
When the face shield was used, the exhaled air flowed backward
along the temporal region of the head and did not reach the cus-
tomer. The face shield redirected the exhaled breath and promoted
the reattachment to the body. Consequently, the face shield pro-
moted the rise of the exhaled breath. Hence, it is more effective
to wear both a mask and a face shield when providing services to
customers.

Finally, the characteristics of exhaled breath when facing
upward are discussed. Figure 5(a) shows the exhalation when the
customer lying on the shampoo stand was not wearing a mask. The
exhaled breath of the customer facing upward was turbulent and dif-
fused upward. Figure 5(b) shows the case where a mask was worn.
Exhaled breath leaking from the top of the mask was confirmed
from 0.4s to 1s. Subsequently, the exhaled air diffused between
the two persons in a complicated manner while interfering with
the exhaled air transmitted from the mask. The non-woven mask
did not allow much of the aerosols of the electronic cigarette to
permeate; however, the breath permeated, and the aerosols leak-
ing from the vicinity of the nose were agitated by the permeated
breath. Hence, the risk of infection at the region directly above the
customers facing upwards was considered to be high. Meanwhile,
as shown in Fig. 5(d), when wearing a mask and facing diagonally
upward, the aerosols that leaked from the top did not interfere with
the permeated breath and tended to move upward in a less turbu-
lent manner. However, it is noteworthy that if a person is present at
the back, then the exhalation tends to move to the back. Figure 5(c)
shows a customer facing up who is wearing a mask and a face
shield. Exhaled air rose from the edge of the face shield and dif-
fused into the space. Although a direct hit of the exhaled breath
to the service operator directly above can be avoided, when facing
upward, the exhaled breath rose turbulently in all cases. Because
patients are often lying down in medical and long-term care set-
tings, it is noteworthy that the exhaled jet rises near the head during
contact.

IV. CONCLUSION

We visualized the actual human breath to obtain guidelines for
social activities such as customer service while suppressing the risk
of infection. The following conclusions were obtained:

e When not wearing a mask, the shape of the nose and mouth
structure made exhaled air move downward due to inertia.

e By wearing a mask, when standing or sitting, the exhaled
breath tends to reattach to the human body, and the aerosols
flowed up along the body.

ARTICLE scitation.org/journal/phf

e When facing downward, the aerosols tended to separate
from the temperature boundary layer of the human body.
The exhaled air that has passed through the mask tends to
move downward under the influence of the initial expiratory
jet generated by the nose and mouth. Hence, it is effective to
wear a face shield when liaising with a person below.

e When facing upward, the aerosols leaking from the upper
part of the mask interfered with the exhaled air transmitted
from the mask surface; furthermore, the aerosols were agi-
tated and flowed in a complicated manner even when the
mask was worn. Because the exhaled air flowed to the back,
care must be established when contacting from behind.

e By wearing a non-woven mask, the injection of aerosols to
the front was effectively suppressed.

Hence, in this study, we focused on the expiratory characteris-
tics affected by the human body temperature and posture; addition-
ally, we measured the flow field based on those characteristics.
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